Gabbroic veins enclosed in mantle peridotite from ocean core complexes next to 17 oceanic transform faults demonstrate sub-crustal crystallization of silicate minerals from 18 a MORB-like melt. Cooler lithosphere there may also affect sulfide crystallization and 19 the metal budget of the lower and upper crust but the related sulfide behavior is poorly 20 understood. Here, we use chalcophile elements to trace sulfide crystallization in a suite of 21
Mid-Atlantic Ridge. Cool lithosphere there is inferred from a low magma supply, and 23 lithostratigraphic evidence for thin crust with abundant mantle rock exposed to the 24 seafloor (Dick et al., 2008) . We show that the concentrations of Cu, Zn, As, Ga, Pb, Sb 25
and Tl in the Kane Megamullion MORBs rise linearly with melt differentiation expressed 26 by decreasing MgO and Ni content. The low-pressure fractional crystallization within the 27 crust thus occurs at sulfide-undersaturated conditions. Sulfide-undersaturated MORBs are 28 unusual. At the Kane Megamullion, however, the thin crust allows melt to more 29 extensively interact with the shallow and serpentinized mantle. We argue that sulfur and 30 chalcophile elements have been lost from the melt due to sulfide crystallization during 31 melt-rock reaction in the shallow mantle.
INTRODUCTION 33
Mid-ocean ridge basalts (MORB) are both the most abundant and the most-34 studied rocks from the Earth's oceans, and represent 75% of the Earth's annual magma 35 production (Crisp, 1984) . The main process controlling MORBs differentiation is low-36 pressure fractional crystallization of olivine, plagioclase, and clinopyroxene within the 37 crust (White and Klein, 2013) . Sulfides also appear to form there as chalcophile element 38 concentrations decrease gradually with MORB differentiation (Jenner and O'Neill, 2012; 39 0.24-0.52). These strong correlations imply that the chalcophile element contents are 115 controlled by a common parameter. In the absence of sulfide this parameter is likely 116 element partitioning between melt and clinopyroxene, where DNi > DGa > DZn > DCu > 117 DSb (Fig. 3; Jochum et al., 2011) . Indeed, Ni/Ga, Ga/Zn, Zn/Cu and Cu/Sb all fall with 118 decreasing Mg# in our basalts. Ni/Ga falls from 7.8 to 5.9 (R 2 = 0.92), and the others 119 from 0.20 to 0.15 (R 2 = 0.90), from 1.3 to 1.0 (R 2 = 0.72) and from 309 to 72 (R 2 = 0.83), 120 respectively. Therefore, the Sb concentration in the most evolved Kane Megamullion 121
MORBs is ~15 times larger than the initial Sb concentration at 8.3 MgO wt.%. In 122 contrast, Cu, Zn, and Ga concentrations increase more modestly, and Ni decreases ( In principle, Cu-poor MORBs could be derived from a sulfide-poor mantle (Fig. 133 1: Model A). A primitive melt with only 25 ppm Cu formed at a typical degree of mantle 134 partial melting at the Kane Megamullion (11%-14%; Dick et al., 2010) would require a 135 mantle source with ~8 ppm Cu at 1.8 GPa or ~12 ppm Cu at 4.5 GPa (Lee et al., 2012) . 136
Cu-poor depleted mantle is known for example from the Finero orogenic peridotites withPublisher: GSA Journal: GEOL: Geology DOI:10.1130/G39287.1 Page 7 of 18 7 ppm average Cu (Garuti et al., 1984) . At Kane Megamullion, however, Cu-poor mantle 138 is unrealistic as spinel harzburgites there contain on average 28 ppm Cu (Table DR6) . 139
Assuming that a typical mantle source with ~30 ppm Cu produces primitive basalt 140 melts with ~120 ppm Cu (Lee et al., 2012; Fig. 1 ), an initial depletion process driving Cu 141 concentrations from 120 to 60 ppm Cu is required. We thus propose an alternative model 142 involving two steps of magmatic differentiation ( Fig. 1: Model B; Fig. 4 ). In the first 143 step, chalcophile elements are removed from the melt during its ascent through the 144 mantle (orange color in Figures 1 and 4) . The second step is exactly the same as in model 145 A, with low-pressure sulfide-undersaturated fractional crystallization in the crust (red 146 color in Figures 1 and 4) . 147
We propose that melt-mantle reaction is the differentiation mechanism that drove 148 the chalcophile elements concentrations to low levels during the first step. The Kane 149
Megamullion dunites, plagioclase harzburgites, and mantle-gabbro contacts, which all 150 interacted with MORB-like melt (Dick et al., 2010) , contain enhanced Cu concentrations 151 (57-230, 90-209, up to 305 ppm, respectively) . Sulfides have been found in mantle 152 samples from a variety of other settings that underwent melt-rock reaction, including in 153 mantle xenoliths (Lorand et al., 2003; Wang et al., 2009; Chen et al., 2014) , orogenic 154 mantle sections (Rehkämper et al., 1999; Lorand et al., 1993) abyssal peridotites 155 (Rehkämper et al., 1999; Lorand et al., 1993) and potentially slow-spreading ridge 156 ophiolites (Madrigal et al. 2015; Schwarzenbach et al., 2016) . Such an enrichment of 157 mantle in various elements, including chalcophile elements, due to melt-mantle reaction reaction with large amount of olivine on the conduit walls that causes Fe loss (Dick and 177 Natland, 1996; Falloon et al., 2001) and Ni gain (Hart and Davis, 1978) This excessive enrichment and the accompanied depletion of Kane Megamullion MORBs 187 thus seem to be setting-specific, and linked to the very thin crust and the shallow mantle 188 in the area. The additional conductive cooling brought by hydrothermal circulation in this 189 ultrashallow mantle accelerates melt solidification upon reaction with the mantle (Fig. 4) . 190
In addition, hydrothermal circulation introduces high amounts (up to ~15 wt.%, Table  191 DR7) of water into the shallow mantle. High water content of the Kane Megamullion 192
MORBs (up to 1.8 wt.% in glass, and up to 2.7 wt.% in bulk-rocks), and possible 193 crystallization of clinopyroxene before plagioclase (Fig. 3 
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